I N T R O D U C T I O N
The pancreatic  cell ATP-sensitive potassium (K ATP ) channel is a member of the inwardly rectifying potassium (Kir) channel family (Inagaki et al., 1995) . It plays a key role in regulating insulin secretion by coupling cell metabolism to cell excitability Nichols, 2006) . The channel is a heterooctamer composed of two different subunit types (Clement et al., 1997; Inagaki et al., 1997; Shyng et al., 1997) . Four Kir6.2 subunits line the conduction pathway and are similar in topology and sequence to other members of the Kir channel family. ATP and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) interact with Kir6.2 to inhibit or stimulate channel activity, respectively Baukrowitz et al., 1998; . Surrounding Kir6.2 are four sulfonylurea receptor 1 (SUR1) subunits, which are required for K ATP channel trafficking and function. SUR1 is a member of the ATPbinding cassette transporter superfamily and contains the canonical ATP-binding cassette transporter core domain (two six-spanning transmembrane domains [TMDs] and two cytoplasmic nucleotide-binding folds) plus a Correspondence to Show-Ling Shyng: shyngs@ohsu.edu Abbreviations used in this paper: K ATP , ATP-sensitive potassium; PIP 2 , phosphatidylinositol 4,5-bisphosphate; SUR1, sulfonylurea receptor 1; TMD, transmembrane domain; WT, wild type. unique five-spanning N-terminal TMD (TMD0) and a large cytosolic linker (L0) (see Fig. 1 A) Tusnády et al., 1997; Conti et al., 2001 ). SUR1 imparts K ATP channels with sensitivities to MgADP stimulation and to pharmacological agents such as sulfonylureas and diazoxide (Nichols et al., 1996; Gribble et al., 1997) . In addition, SUR1 modifies the properties of K ATP channels by increasing the open probability (P o ) of Kir6.2 and making the channel more sensitive to ATP inhibition Babenko et al., 1999; Enkvetchakul et al., 2000) . Despite advances in our understanding of the distinctive roles of SUR1 and Kir6.2 in K ATP function, significant knowledge gaps remain with regard to the mechanisms of coupling between SUR1 and Kir6.2 that give rise to the gating properties of K ATP channels.
K ATP channel subunits can be manipulated to create unnatural yet useful channel variants to study channel structure-function relationships. Both Kir6.2 and SUR1 have a tripeptide ER-retention motif RKR that becomes shielded only upon proper formation of K ATP quaternary Functional integrity of pancreatic adenosine triphosphate (ATP)-sensitive potassium (K ATP ) channels depends on the interactions between the pore-forming potassium channel subunit Kir6.2 and the regulatory subunit sulfonylurea receptor 1 (SUR1). Previous studies have shown that the N-terminal transmembrane domain of SUR1 (TMD0) interacts with Kir6.2 and is sufficient to confer high intrinsic open probability (P o ) and bursting patterns of activity observed in full-length K ATP channels. However, the nature of TMD0-Kir6.2 interactions that underlie gating modulation is not well understood. Using two previously described disease-causing mutations in TMD0 (R74W and E128K), we performed amino acid substitutions to study the structural roles of these residues in K ATP channel function in the context of full-length SUR1 as well as TMD0. Our results revealed that although R74W and E128K in full-length SUR1 both decrease surface channel expression and reduce channel sensitivity to ATP inhibition, they arrive there via distinct mechanisms. Mutation of R74 uniformly reduced TMD0 protein levels, suggesting that R74 is necessary for stability of TMD0. In contrast, E128 mutations retained TMD0 protein levels but reduced functional coupling between TMD0 and Kir6.2 in mini-K ATP channels formed by TMD0 and Kir6.2. Importantly, E128K full-length channels, despite having a greatly reduced P o , exhibit little response to phosphatidylinositol 4,5-bisphosphate (PIP 2 ) stimulation. This is reminiscent of Kir6.2 channel behavior in the absence of SUR1 and suggests that TMD0 controls Kir6.2 gating by modulating Kir6.2 interactions with PIP 2 . Further supporting this notion, the E128W mutation in full-length channels resulted in channel inactivation that was prevented or reversed by exogenous PIP 2 . These results identify a critical determinant in TMD0 that controls Kir6.2 gating by controlling channel sensitivity to PIP 2 . Moreover, they uncover a novel mechanism of K ATP channel inactivation involving aberrant functional coupling between SUR1 and Kir6.2. that SUR1 increases Kir6.2 response to PIP 2 (Baukrowitz et al., 1998; Enkvetchakul et al., 2000) . Thus, how SUR1 modulates channel response to PIP 2 is an important question yet to be resolved.
Mutations in SUR1 or Kir6.2 that cause loss of K ATP channel activity or expression result in congenital hyperinsulinism, whereas gain-of-function mutations cause neonatal diabetes (Ashcroft, 2005) . Recently, we reported that two mutations (R74W and E128K) in the TMD0 domain of SUR1 identified in congenital hyperinsulinism cause loss of channel function by preventing channel trafficking to the cell surface. We showed that the trafficking defects can be overcome by treating cells with sulfonylureas (Yan et al., 2004 (Yan et al., , 2006 (Yan et al., , 2007 , and upon rescue to the cell surface, mutant channels reveal gating defects expected to cause the opposite disease, neonatal diabetes (Pratt et al., 2009 ). The R74W-and E128K-mutant channels exhibit reduced channel sensitivity to ATP inhibition. However, unlike most ATPinsensitive mutants in which an increased P o underlies the reduction in apparent ATP sensitivity by allosteric effects, the R74W and E128K mutants display decreased P o (Pratt et al., 2009 ). These alterations resemble differences between WT and Kir6.2C36 channels (Enkvetchakul et al., 2000) and suggest that R74 and E128 may be involved in TMD0-Kir6.2 interactions. In this study, we systematically replaced residues 74 and 128 with other amino acids (referred to as R74X and E128X) in full-length and mini-K ATP channels to probe their structural and functional roles in the coupling of TMD0 to Kir6.2. We show that R74W reduces the stability of TMD0 protein and thus physical coupling between TMD0 and Kir6.2. In contrast, E128K disrupts functional coupling between TMD0 and Kir6.2 by abrogating the effects of SUR1 on channel response to PIP 2 . Moreover, the mutation E128W leads to spontaneous current inactivation that can be prevented or reversed by PIP 2 . The findings on the E128 mutations provide novel insight into the mechanism by which TMD0 of SUR1 modulates Kir6.2 gating. In Kir channels, PIP 2 plays a central role in determining channel activity (Hilgemann et al., 2001; Yi et al., 2001) , and diverse modulators affect Kir channel activity via PIP 2 interactions (Baukrowitz et al., 1998; Fan and Makielski, 1999; Liou et al., 1999; Du et al., 2004) . We propose that TMD0 confers intrinsic gating properties of K ATP channels by modulating interactions between Kir6.2 and PIP 2 .
M A T E R I A L S A N D M E T H O D S
Molecular biology Rat Kir6.2 cDNA constructs including the full-length WT subunit and a truncation mutant lacking the C-terminal 36 amino acids (Kir6.2C36) are in pCDNAI/Amp plasmid (Lin et al., 2008) . Hamster SUR1 constructs are in pECE and include full-length structure (Zerangue et al., 1999) . Deletion of the last 36 amino acids of Kir6.2 (Kir6.2C36) removes its RKR motif and leads to surface expression of homotetrameric Kir6.2 channels in the absence of SUR1 Zerangue et al., 1999) . These channels differ from wild-type (WT) SUR1-Kir6.2 channels in several respects Babenko et al., 1999; Enkvetchakul et al., 2000; Babenko and Bryan, 2003; Chan et al., 2003) . First, although they are sensitive to ATP inhibition, the half-maximal inhibition concentration (IC 50 ) is 10-fold higher than WT channels . Second, they exhibit a markedly reduced intrinsic P o , i.e., spontaneous activity in the absence of nucleotides in isolated membrane patches, compared with WT channels (P o , 0.1 vs. 0.6 for WT). In addition, they have altered single-channel kinetics with brief openings separated by relatively long periods of closure, in contrast to WT channels that demonstrate bursts of activity with fast open and close events separated by longer closed intervals. Interestingly, the coexpression of Kir6.2C36 with TMD0 results in "mini-K ATP channels" with bursting behavior and intrinsic P o that are similar to WT channels. However, ATP sensitivity of mini-K ATP channels remains lower than that of WT; in fact, it is even lower than that of Kir6.2C36 channels. Mini-K ATP channels also lack response to MgADP stimulation or pharmacological regulation (Babenko and Bryan, 2003; Chan et al., 2003) . Thus, TMD0 is sufficient to confer WT channels' bursting properties and high P o , but the portions of SUR1 responsible for increased ATP sensitivity and other SUR1-endowed gating properties lie outside TMD0. The mechanism whereby TMD0 modulates the gating pattern of Kir6.2 has not been determined, although it has been proposed that intramembrane interactions reposition the Kir6.2 outer helix to achieve the effects (Babenko and Bryan, 2003) .
Phosphoinositides, and in particular PIP 2 , are key determinants of K ATP channels' intrinsic P o . Current data suggests that PIP 2 interacts with positively charged residues in the N-and C-terminal cytoplasmic domains of Kir6.2 near the lipid-cytoplasm interface to stabilize channel opening Cukras et al., 2002a,b; Haider et al., 2007) . Activation of K ATP channels by PIP 2 leads to a concomitant decrease in channel inhibition by ATP (Baukrowitz et al., 1998; , which binds to a pocket formed by residues from the N-and C-terminal cytoplasmic domains of two adjacent Kir6.2 subunits (Antcliff et al., 2005) . Although ATP and PIP 2 may interact with overlapping residues, they are not thought to be competitive ligands (Antcliff et al., 2005; Haider et al., 2007; Stansfeld et al., 2009) . Rather, PIP 2 decreases the apparent channel sensitivity to ATP inhibition via allosteric effects. To date, most mutagenesis and modeling studies addressing the mechanism of PIP 2 regulation have focused on the Kir6.2 subunit. However, it has been well documented or borosilicate electrodes (Sutter Instrument Co.), coated with Sylgard-148 (Sigma-Aldrich), polished by microforge, and had resistances of 2-6 MΩ. The bath and pipette solution (Kint) was: 140 mM KCl, 10 mM K-HEPES, and 1 mM K-EGTA, pH 7.4. In all experiments (except those for Fig. 6 ), 1 mM EDTA was added to Kint (Kint/EDTA) to prevent channel rundown (Lin et al., 2003) . All currents were measured at a membrane potential of 50 mV (+50-mV pipette potential) at room temperature, and inward currents are shown as upward deflections in all figures. When recording from cells expressing mutant channels with very little basal surface expression, the cells were pretreated with 300 µM tolbutamide overnight to augment expression. ). I rel is the current relative to maximal current in nucleotidefree Kint/EDTA solution, IC 50 is the concentration of ATP that causes half-maximal inhibition, and H is the Hill coefficient. Statistical analysis was performed using independent two-population, two-tailed Student's t test, with P < 0.05 considered statistically significant. Single-channel P o analysis was performed using the pCLAMP9 automated channel event detector. If a decrease in single-channel activity was noted, only activity recorded within the first 60 s of patch excision was used for analysis.
Data analysis
Online supplemental material Fig. S1 shows the surface expression of R74X and E128X full-length K ATP channels, as quantified by chemiluminescence after overnight pretreatment with 300 µM tolbutamide to rescue channel trafficking. Fig. S2 includes a protein sequence alignment performed by PRALINE (Simossis and Heringa, 2005) of TMD0 of SUR1 for human, hamster, dog, and zebrafish, and human SUR2. Additionally, predictions of how mutations at R74 might affect TMD0 topology calculated by TOP-CONS prediction software (Bernsel et al., 2009) 
R E S U L T S
In full-length K ATP channels, R74 is sensitive to substitution by noncharge-conserving amino acids COSm6 cells were transiently transfected with WT Kir6.2 along with WT or mutant SUR1, with an extracellular N-terminal FLAG epitope (fSUR1). Nine amino acids with diverse side chain properties (Chothia, 1976; Kyte and Doolittle, 1982) were swapped for arginine 74 of SUR1. 48 h later, chemiluminescence assays were performed (refer to Materials and methods), such that antibody directed against the FLAG epitope was detected using luminol reacting with horseradish peroxidaseconjugated secondary antibody. Because luminescence produced by this reaction is proportional to expression of K ATP channels on the cell surface, quantification is possible (Margeta-Mitrovic et al., 2000; Taschenberger et al., 2002) . Surface expression for every R74X-mutant tested, except the charge-conserving R74K mutation, was significantly reduced to <40% of WT (Fig. 1 B) . Surface expression quantified by chemiluminescence assays was confirmed by Western blot experiments. SUR1 has subunits with an N terminus FLAG epitope (DYKDDDDK) (fSUR1) or the first TMD only (amino acids 1-198) with (fTMD0) or without (TMD0) the FLAG epitope. The FLAG epitope does not change biochemical or functional properties of the channel (Cartier et al., 2001) . Site-directed mutagenesis was performed using the QuikChange mutagenesis kit (Agilent Technologies), and mutations were confirmed by direct sequencing.
Immunoblotting
COSm6 cells were maintained in DMEM with 10% FBS and 1% penicillin/streptomycin. Cells at 70% confluence on 35-mm dishes were transfected with 0.6 µg fSUR1 and 0.4 µg Kir6.2 (or 1 µg fTMD0 and 1 µg Kir6.2C36; the amount of cDNA was adjusted to maintain a 1:1 molar ratio of SUR1 to Kir6.2 plasmids) using FuGene 6 (Roche). Cells were processed 48-72 h after transfection and, where indicated, 12-18 h after sulfonylurea treatment (300 µM tolbutamide; Sigma-Aldrich) (Yan et al., 2004 (Yan et al., , 2007 . Cells were lysed in a buffer containing 20 mM HEPES, pH 7.0, 5 mM EDTA, 150 mM NaCl, and 1% Triton-X with Complete Protease Inhibitor Cocktail Tablets (Roche). Protein concentrations were determined using a Lowry assay (Bio-Rad Laboratories). An equal amount of protein from each sample was separated by SDS/PAGE, transferred to nitrocellulose membrane, analyzed by mouse M2 anti-FLAG antibody (Sigma-Aldrich) or rabbit anti-SUR1 generated against the C-terminal peptide (KDSVFASFVRADK) (Yan et al., 2007) followed by horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (GE Healthcare), and visualized by chemiluminescence (Super Signal West Femto; Thermo Fisher Scientific). Densitometry was performed using ImageJ (National Institutes of Health).
Chemiluminescence assays 48 h after transfection, cells in 35-mm dishes were fixed with 2% paraformaldehyde for 30 min, preblocked in PBS/0.5% BSA for 30 min, incubated in M2 anti-FLAG antibody (10 µg/ml) for 1 h, washed four times for 30 min in PBS/0.5% BSA, incubated in horseradish peroxidase-conjugated anti-mouse antibodies for 20 min, and washed again four times for 30 min in PBS/0.5% BSA. Chemiluminescence was quantified using a luminometer (TD-20/20; Turner Designs) after a 10-s incubation in luminol solution (Power Signal ELISA Femto; Thermo Fisher Scientific). Results of each experiment are the average of two 35-mm dishes, and each data point shown in the figures is the average of at least three experiments.
Immunofluorescence staining COSm6 cells were cotransfected with WT or mutant fTMD0 and Kir6.2C36. After 24 h, cells were plated onto glass coverslips, grown for 24 h, and incubated with M2 anti-FLAG antibody (10 µg/ml OptiMEM containing 0.1% BSA) for 1 h at 4°C to label surface channels. Cells were then washed with ice-cold PBS, fixed with cold (20°C) methanol for 10 min, and incubated with Alexa Fluor 488 goat anti-mouse secondary antibody (Invitrogen) for 45 min at room temperature. After three washes with PBS, cells were mounted and viewed with a three-spectral confocal microscope (LSM710; Carl Zeiss, Inc.) and a 63 × 1.4-NA objective (Carl Zeiss, Inc.).
Patch clamp recordings
Voltage clamp recordings from inside-out patches of transfected COSm6 cells were performed using an Axopatch 1D amplifier and pClamp9 acquisition software (Axon Instruments, Inc.) (Yan et al., 2004) . For macroscopic recordings, micropipettes were pulled from non-heparinized Kimble glass (Thermo Fisher Scientific) on a horizontal puller (Sutter Instrument Co.) and had resistances of 1.5-2.0 MΩ. Micropipettes for single-channel recordings were pulled from either non-heparinized Kimble glass Next, to assess how each substitution affected ATPinduced inhibition of K ATP channel activity, inside-out patch voltage clamp recordings were performed in transiently transfected COSm6 cells. Because of significantly reduced surface expression in most mutants, cells were pretreated with 300 µM tolbutamide overnight, which partially corrects the trafficking defect caused by R74W, as reported previously (Yan et al., 2004 (Yan et al., , 2007 Pratt et al., 2009) , as well as all other R74 mutations, with the exception of R74D (Fig. S1 ). Because R74D had no detectable surface expression before or after tolbutamide exposure, it was not analyzed. Tolbutamide was washed out for 2 h before recording. Representative traces for several mutants are shown in Fig. 2 A. Macroscopic currents were exposed to ATP (0.01, 0.1, 0.3, 1, and 3 mM), and the amount of current inhibition relative to maximum channel activity in the absence of ATP was fit to a Hill function as described in Materials and methods to two N-linked glycosylation sites (at residues N10 and N1050) that are core glycosylated in the ER and acquire a complex carbohydrate during transit through the Golgi (Raab-Graham et al., 1999) . K ATP channel trafficking can therefore be monitored by the relative abundance of core-and complex-glycosylated SUR1. Complex-glycosylated SUR1 serves as a proxy measure of surface expression, although some fraction of "mature" protein may reflect channels in transit from Golgi to the plasma membrane and endosomal trafficking. Fig. 1 C (top) shows representative immunoblots using anti-SUR1 antibody. R74K, which had surface expression at 74 ± 4% of WT by chemiluminescence (Fig. 1 B) , showed both upper and lower glycosylation bands. In contrast, R74A and R74Y (2 ± 1 and 4 ± 2% surface expression by chemiluminescence, respectively) showed mostly core-glycosylated band, with very little complex-glycosylated SUR1 protein. Expression studies of fSUR1 R74X and E128X K ATP channels. (A) Schematic of fSUR1 structure including topological domains and the placement of residues R74 and E128 (stars), glycosylation sites (branches), extracellular FLAG epitope (flag), and the RKR-ER-retention motif (rectangle). The end of the TMD0 (amino acid 198) construct used in subsequent experiments is shown by the break. (B) Chemiluminescence assays were performed to quantitatively assess how surface expression of K ATP channels is affected by different amino acids at position 74 of SUR1. Surface expression is shown relative to WT channel expression. Error bars represent SEM; n = 3-6 for each condition. (C) Representative immunoblots using anti-SUR1 antibody to detect expression of fSUR1 protein in cells cotransfected with Kir6.2 and either fSUR1 R74X (top) or E128X (bottom) cDNAs. SUR1 protein undergoes differential glycosylation, such that core-glycosylated protein (bottom band, open arrow head) becomes complex glycosylated (top band, filled arrow head) upon trafficking through the Golgi; thus, the amount of top band is a proxy for the extent of K ATP channel surface expression. Note the blots shown for R74X and E128X are from two separate experiments; therefore, signal intensity should be compared within each blot only. (D) Chemiluminescence assays performed to assess surface expression of E128X K ATP channels. Surface expression is shown relative to WT channel expression. Error bars represent SEM; n = 3-6 for each condition.
R74 mutations in TMD0 constructs reduce steady-state protein levels and disrupt surface expression of mini-K ATP channels
Assessing the specific effects of R74X mutations on TMD0 is possible using a truncated SUR1 construct (amino acids 1-198). Steady-state levels of total cellular fTMD0 harboring R74X were assessed via Western blot. R74K had the highest level, with 70% of WT; all other R74 substitutions (alanine, phenylalanine, tyrosine, and tryptophan) resulted in significantly decreased TMD0 levels, with <25% of WT (Fig. 3, A and B) , possibly a result of increased degradation. Next, we examined the surface expression of R74W and R74K fTMD0 when coexpressed with Kir6.2C36 using immunofluorescent obtain the IC 50 for ATP inhibition (Fig. 2 B) . As with trafficking, the charge-conserving mutant R74K had minimal effect on ATP inhibition (IC 50 = 18 ± 2 and 17 ± 1 µM for WT and R74K, respectively). Additionally, mutation to glutamate (charge reversal), cysteine, and alanine resulted in negligible differences (IC 50 = 15 ± 1, 20 ± 1, and 24 ± 3 µM, respectively), indicating that although each mutation decreases steady-state surface expression (Fig. 1 B) , functional interactions between SUR1 and Kir6.2 are preserved. In contrast, replacement of R74 with aromatic residues resulted in a significant rightward shift in ATP-induced inhibition (IC 50 = 60 ± 8, 89 ± 14, and 118 ± 6 µM for phenylalanine, tyrosine, and tryptophan [Pratt et al., 2009 ], respectively). Effects of amino acid substitution at E128 of SUR1 on full-length channel biogenesis and ATP sensitivity
As with R74, we performed amino acid substitution studies at position E128 and assessed both surface expression ( Fig. 1 ) and ATP inhibition (Fig. 2) of each mutant. Broadly, E128X mutants showed greater surface expression than R74X mutants. Of the E128X channels tested, charge-reversal mutations (E128R and K) impeded surface expression most strongly (8 and 6% of WT, respectively). Interestingly, the charge-conserving mutation E128D also showed relatively poor surface expression, only 38% that of WT channels. Next, ATPinduced inhibition of E128X-mutant channels was examined. Again, cells were pretreated with 300 µM tolbutamide overnight to increase the surface expression staining. No surface fTMD0 was detected above background signal using anti-FLAG antibody for either mutant construct, even though the R74K mutation exhibited the greatest total TMD0 level (70% of WT; Fig. 3 B) ; in contrast, surface staining of cells expressing WT mini-K ATP channels was clearly visible (Fig. 3 E) . Consistently, in single-channel recordings from cells coexpressing R74K or R74W fTMD0 with Kir6.2C36, no channel kinetics distinct from those characteristic of channels formed by Kir6.2C36 alone were observed (unpublished data). Collectively, the above observations suggest that mutations at this position likely lead to misfolding and instability of TMD0, thus diminishing physical association with Kir6.2 and preventing the formation of mini-K ATP channels. residues in channel structure and function. To further investigate how E128 contributes to K ATP channel physiology, we analyzed E128X TMD0 proteins and the resulting mini-K ATP channels when coexpressed with Kir6.2C36. Western blots of fTMD0 showed that E128 mutations did not decrease steady-state total cellular TMD0 levels as much as R74 mutations (Fig. 3, C and D) . Also in contrast to R74X, E128K fTMD0 was detected at the cell surface of COSm6 cells when cotransfected with Kir6.2C36 (Fig. 3 E) , indicating that the formation of mini-K ATP channels is suitable for electrophysiological analysis.
Previously, we reported that full-length K ATP channels with the E128K mutation in SUR1 have decreased intrinsic P o (P o = 0.18 vs. 0.63 for WT; Pratt et al., 2009) . We tested whether the same would be true for E128K mini-K ATP channels, which would be a clear indication of each E128X mutant (Fig. S1 ), followed by a 2-h washout before recording. Replacement of E128 with cysteine resulted in WT-like ATP inhibition (IC 50 = 23 ± 1 µM), but other amino acid substitutions significantly decreased ATP inhibition (Fig. 2, A and C) . Of note, the substitution of E128 with tryptophan resulted in a unique inactivation phenotype in which the current undergoes rapid spontaneous decay in the absence of ATP (discussed below; see Fig. 8 ), making it difficult to assess the extent of ATP-induced current inhibition and the IC 50 value for this mutation.
E128 mutations disrupt functional coupling between TMD0 and Kir6.2 in mini-K ATP channels E128X substitutions affect K ATP channel surface expression and ATP sensitivity in a pattern distinct from R74X substitutions. This suggests different roles of the two mini-channels or Kir6.2C36 channels expressed in COSm6 cells were studied in the absence and presence of 1 mM ATP (Fig. 4 C) . Again, the F132L mini-channels were included as a control because they have increased P o and decreased ATP sensitivity compared with WT mini-K ATP channels (Proks et al., 2007) . As predicted, the E128K mini-channels were inhibited to a similar extent as Kir6.2C36 channels (85%), whereas the WT and F132L mini-channels were inhibited by only 52 and 15%, respectively (compare Fig. 4, B and C) . This result provides further evidence that E128K directly uncouples functional interactions between TMD0 and Kir6.2, thus preventing the influence TMD0 has on the P o and ATP sensitivity of Kir6.2C36 channels.
E128K attenuates the response of full-length channels to PIP 2
The intrinsic P o of Kir channels is thought to be determined by channel interactions with membrane phosphoinositides, in particular, PIP 2 : the stronger the interactions, the higher the P o (Logothetis et al., 2007; Xie et al., 2007) . In K ATP channels, PIP 2 increases the P o and allosterically decreases the apparent sensitivity to ATP inhibition (Baukrowitz et al., 1998; Fan and Makielski, 1999) . Additionally, previous studies have shown that although Kir6.2 interacts with PIP 2 directly, SUR1 enhances Kir6.2 response to PIP 2 (Baukrowitz et al., 1998; Enkvetchakul et al., 2000) . In inside-out patches, the application of PIP 2 to the bath solution rapidly increases WT channel that E128K disrupts functional coupling between TMD0 and Kir6.2. Single-channel recordings made from COSm6 cells cotransfected with E128K fTMD0 and Kir6.2C36 showed that the average intrinsic P o of E128K mini-K ATP channels was, indeed, significantly lower than WT mini-channels (P o = 0.17 ± 0.04 for E128K vs. 0.60 ± 0.06 for WT; P < 0.05) (Fig. 4, A and B) . Further, the E128K mini-channels exhibited short bursts of activity separated by relatively long closures, distinguishing them from WT mini-channels and channels composed of Kir6.2C36 alone. Mini-K ATP channels with the F132L mutation were used as a positive control; F132L was identified in patients with severe neonatal diabetes and has been shown to increase intrinsic P o in full-length and mini-K ATP channels (Proks et al., 2006 (Proks et al., , 2007 . These results demonstrate that E128K in both full-length SUR1 and TMD0 alone reduces functional coupling to Kir6.2 with regard to intrinsic P o and singlechannel kinetics.
In K ATP channels, sensitivity to ATP inhibition is normally negatively correlated with intrinsic P o through allosteric effects (Enkvetchakul et al., 2000; Enkvetchakul and Nichols, 2003) . Accordingly, in mini-K ATP channels, TMD0 increases the P o but decreases the ATP sensitivity of Kir6.2C36 (IC 50 , 138 µM for Kir6.2C36 and 309 µM for TMD0 plus Kir6.2C36; Chan et al., 2003) . Because E128K abrogated the effect of TMD0 on the P o of Kir6.2, we predicted that mini-K ATP channels with the E128K mutation will have an ATP sensitivity similar to Kir6.2C36 channels. WT, E128K, or F132L current increase upon PIP 2 exposure in E128K is striking when one considers that the starting P o of E128K is so much lower than WT, such that WT P o has the potential to increase from 0.6 to 1.0, whereas E128K P o has the potential to increase from 0.2 to 1.0. To further illustrate the differential response in WT and E128K channels with respect to PIP 2 -induced current amplitude increase, we excised membrane patches into Kint plus 1 mM Mg 2+ to induce rundown, such that WT channel P o before PIP 2 exposure was substantially reduced (Fig. 6) . Under this condition, successive exposures to PIP 2 led to a much more pronounced current increase in WT channels, well beyond the initial current immediately after patch excision (2.1 ± 0.5, 2.3 ± 0.7, and 2.3 ± 0.6 after one, two, and three PIP 2 exposures, respectively; Fig. 6 B) . In contrast, successive exposures of E128K channels to PIP 2 after rundown also led to recovery of channel activity, but the current amplitude never reached that seen before rundown, such that the fold change in current amplitude relative to the initial current after successive 30-s PIP 2 exposures was only 0.5 for E128K (0.4 ± 0.1, 0.5 ± 0.1, and 0.5 ± 0.1 after one, two, and three PIP 2 exposures, respectively; Fig. 6 B) . Interestingly, we noted that the E128K channels were activity to maximal P o and decreases channel sensitivity to ATP inhibition. In contrast, Kir6.2C36 channels show a relatively small increase in P o and a decrease in ATP sensitivity. We hypothesize that SUR1 modulates the P o of Kir6.2 via TMD0 by enhancing channel response to PIP 2 . Moreover, E128 is essential for this modulation, as shown by the diminished effect E128K TMD0 had on the P o of Kir6.2 (Fig. 4) . Accordingly, we predicted that the E128K channel will have reduced sensitivity to PIP 2 . Indeed, we found that K ATP channels harboring the E128K mutation were much less responsive to PIP 2 , both in terms of increase in current amplitude (i.e., P o ) and decrease in ATP inhibition compared with WT.
The effect of PIP 2 on the current amplitude of WT and E128K channels was first examined using our standard recording protocol in which membrane patches were excised into Kint bath solution containing 1 mM EDTA, which prevents channel rundown (Lin et al., 2003) . After 30 s of exposure to 5 µM PIP 2 , WT current increased 1.53 ± 0.12-fold relative to current before PIP 2 exposure, whereas E128K channel current increased only 1.07 ± 0.10-fold (Fig. 5, A and B ). An additional 30-s exposure to 5 µM PIP 2 did not minimize this difference. The lack of Patches were pulled into Kint plus 1 mM MgCl 2 for 1 min to induce rundown to accentuate the differential response between WT and E128K channels; EDTA was not included in any of the solutions. Patches were then exposed to either 1 mM ATP or 5 µM PIP 2 . Bars: WT, 1 min and 1,000 pA; E128K, 1 min and 100 pA. Zero current is indicated by the dotted lines. Time of patch excision is noted by the arrow. (B) Change in current is expressed as the average current at each experimental time point relative to the initial maximum immediately upon patch excision. The change in current was determined after rundown and after one, two, or three 30-s exposures to 5 µM PIP 2 ; the point of each record analyzed is indicated by the numbers above each trace in A. Error bars represent SEM. n = 5-8 for each data point (*, P < 0.05; Student's t test comparing WT and E128K for each point analyzed). phan causes the current to undergo spontaneous decay in the absence of nucleotides, which we refer to as inactivation (Fig. 8) . This inactivation is distinct from rundown in WT channels in that inactivation occurs despite the presence of 1 mM EDTA, which we have shown previously to be highly effective in preventing rundown in WT channels (Lin et al., 2003) . Inactivation of E128W channels could be recovered by exposure to high concentrations of ATP (1, 3, or 5 mM) in a time-dependent manner, such that lengthening the time of ATP exposure resulted in more current when the patch was reexposed to nucleotide-free solution (Fig. 8, A and B) . Further, exposure of the E128W patches to PIP 2 slowed or reversed the inactivation as well as potentiated the ATP-induced "resetting" of channel activity (Fig. 8 C) . These results indicate that E128W causes K ATP channel inactivation by destabilizing PIP 2 -K ATP channel interactions, and that ATP exposure reestablishes the interactions as seen in the transient channel activity when the inhibitory effect of ATP is removed.
D I S C U S S I O N
Biochemical, functional, and structural studies to date have provided clear evidence that TMD0 of SUR1 interacts with Kir6.2 to modulate channel trafficking and more susceptible to Mg 2+ -induced rundown, consistent with weakened interactions with PIP 2 .
PIP 2 reduces ATP inhibition in WT channels. This effect was also abrogated in the E128K mutant. Patches containing WT or E128K channels were excised into Kint/EDTA solution and then exposed to differing concentrations of ATP (Fig. 7 A) . In WT channels, successive exposures to 5 µM PIP 2 led to a significant decrease in the amount of current inhibited by ATP, causing a significant rightward shift in ATP dose-response (the change in ATP dose-response after three PIP 2 treatments is shown in Fig. 7 B) . However, in E128K channels, exposure to PIP 2 had little effect on ATP inhibition (Fig. 7,  A and C) . Collectively, the reduced response to PIP 2 in the E128K channels resembles that seen in Kir6.2C36 channels, providing evidence that E128K disrupts the ability of SUR1 to enhance channel response to PIP 2 .
The E128W mutation in SUR1 causes inactivation in full-length channels that can be recovered by PIP 2 and by exposure and subsequent removal of ATP Additional evidence supporting the involvement of E128 in mediating channel response to PIP 2 came from the intriguing phenotype observed with the E128W mutation. As mentioned above, the mutation of E128 to a trypto- been determined experimentally, in silico calculations (using the TOPCONS algorithm; Bernsel et al., 2009) predict that R74 resides at the cytosolic end of the second transmembrane (TM) segment of TMD0 (Fig. S2) . Studies of membrane integration of proteins have shown that the aromatic amino acids tryptophan and tyrosine are frequently found at the membrane-water interface where they interact favorably with the lipid head groups, whereas another aromatic residue, phenylalanine, favors placement deeper into the lipophilic environment of the membrane (Killian and von Heijne, 2000) . Charged amino acids are more likely to be found in cytoplasmic aqueous environments (Heijne, 1986) . However, positively charged amino acids lysine and arginine, which have relatively long aliphatic side chains, are also seen at the interface where the aliphatic chain is localized to the hydrophobic part of the lipid bilayer, whereas the charged side chains interact with negatively charged lipid phosphate groups (Killian and von Heijne, 2000; Hessa et al., 2005) . The relevance of these patterns of TM segment properties to the results presented gating (Schwappach et al., 2000; Babenko and Bryan, 2003; Chan et al., 2003; Mikhailov et al., 2005) . However, the signaling mechanism(s) by which TMD0 exerts its effects remains poorly understood. Mutations in TMD0 such as R74W and E128K offer potential for probing the molecular basis of TMD0-Kir6.2 signaling, as they cause dramatic impediments to channel trafficking and gating. Here, we studied full-length and mini-K ATP channels to learn more about the functional roles of R74 and E128. We show that R74W and E128K disrupt channel function by different mechanisms. Importantly, our results reveal that TMD0 controls gating of the Kir6.2 pore by modulating PIP 2 sensitivity.
Role of R74
The replacement of R74 by any nonconserved residue in full-length channels led to a substantial decrease in surface expression (Fig. 1 B) . That these mutations also cause a dramatic reduction in TMD0 protein levels (Fig. 3,  A and B) suggests an important role of R74 in structural integrity of this protein domain. Although the exact location of R74 with respect to the membrane has not nately, however, R74X TMD0 mutants failed to express at the cell surface when coexpressed with Kir6.2C36, making it difficult to address the question of whether the gating defects in full-length channels are caused by changes in the functional coupling between TMD0 and Kir6.2 or are a consequence of altered influences by SUR1 structures outside TMD0. It may seem surprising that although total R74K TMD0 protein remains at near WT levels (Fig. 3, A and B) , no R74K mini-channels were observed at the cell surface either by immunostaining or single-channel recording. That the R74K mutation has a more pronounced effect on the surface expression of mini-K ATP versus full-length channels (i.e., no detectable surface expression of mini-channels [ Fig. 3 C] vs. 80% of WT for full-length channels [ Fig. 1 , B and C]) suggests a role for extra-TMD0 regions of SUR1 in channel protein folding and assembly. In the water channel aquaporin-1, membrane integration of N-terminal TM segments requires the translation of subsequent TM segments (Skach et al., 1994) , and protein stability is correlated to membrane integration of the channel subunits (Buck and Skach, 2005) . Thus, the here comes into play when hypothesizing the structural changes R74X substitutions have on TMD0 conformation. One might expect that the substitution of TMflanking R74 by nonconserved amino acids will induce a shift of the TM2 boundary and/or disrupt normal membrane integration. Accordingly, with the exception of lysine, all other amino acids used in the R74X screen (A, H, C, W, F, Y, L, D, or E) are predicted to shift the boundary of TM1 and TM2 (as well as TM3 for R74D and R74E) by TOPCONS (Fig. S2) . The decrease in full-length K ATP channel surface expression of R74X mutants (Fig. 1) and steady-state protein levels of TMD0 (Fig. 3) is consistent with these substitutions having an effect on protein structure and stability.
Sulfonylureas acting as chemical chaperones partially overcome the trafficking defect in R74X full-length K ATP channels, with the exception of R74D (Fig. S1 ). Although the mechanism by which sulfonylureas overcome this defect is not yet known, this rescue strategy provides us the opportunity to analyze the ATP sensitivity of most mutants. Our results show that the mutation of R74 reduces ATP inhibition of the channel. Unfortu- Figure 9 . Proposed model for the role of E128 in SUR1-Kir6.2 coupling. (A) Cartoon illustrating proposed physical relationships between SUR1, Kir6.2, and PIP 2 in the WT, E128K mutant, and the Kir6.2C36 channels. (B) The E128W mutation destabilizes the channel in the SUR1-Kir6.2-coupled, PIP 2 -bound open state, leading to channel inactivation. These structural changes can be overcome by increasing membrane PIP 2 or by ATP binding to the channel that recovers coupling between SUR1 and Kir6.2, allowing channels to enter the PIP 2 -bound open state briefly before inactivation occurs again. Note that the four states presented should not be taken as detailed kinetic gating states of the channel, and that the transitions between the states are indicated only to illustrate the recovery effects of PIP 2 and ATP on inactivated channels.
P o to Kir6.2 in full-length channels, it does not confer the high ATP sensitivity mediated by SUR1 (Babenko and Bryan, 2003; Chan et al., 2003) . Accordingly, mini-K ATP channels composed of TMD0 and Kir6.2C36 are even less sensitive to ATP inhibition than Kir6.2C36 channels, following the model that increased P o (as a result of enhanced PIP 2 interactions) allosterically reduces ATP inhibition. Mini-K ATP channels with the E128K mutation also follow this relationship; i.e., they show reduced P o and increased ATP inhibition relative to WT mini-channels (similar to that seen for Kir6.2C36). Although the inverse relationship between P o and ATP sensitivity might predict that in full-length channels the E128K mutant should show increased ATP sensitivity relative to WT, this is not the case. Rather, E128K full-length channels actually have reduced ATP inhibition. Thus, by abolishing the ability of TMD0 to enhance Kir6.2 response to PIP 2 , the E128K mutation abrogates the ability of structures downstream of TMD0 to confer increased ATP sensitivity to Kir6.2. Future identification of SUR1 residues responsible for increasing ATP sensitivity of the channel will be critical for understanding precisely how E128K uncouples SUR1 from Kir6.2 with respect to regulation by both PIP 2 and ATP.
A novel K ATP channel inactivation mechanism revealed by the E128W mutation and structural implications
The importance of E128 in the structural and functional integrity of K ATP channels is further accentuated by the inactivation phenotype of the E128W mutant. This inactivation phenotype is reminiscent of what we have described previously for several Kir6.2 mutations predicted to disrupt inter-Kir6.2 subunit interactions Lin et al., 2003 Lin et al., , 2008 . First, current inactivation induced by E128W is distinct from rundown. Second, inactivation caused by E128W is prevented or reversed by PIP 2 . Third, inactivation can be recovered by ATP exposure in a time-and concentration-dependent way. We have previously proposed that in the Kir6.2 inactivation mutants, disruption of inter-Kir6.2 subunit interactions destabilizes channels in the PIP 2 -bound open state, and that the application of exogenous PIP 2 shifts the equilibrium of channels toward the PIP 2 -bound open state to prevent and reverse inactivation (Lin et al., 2003) . ATP, which has been proposed to bind to a site coordinated by specific N-and C-terminal residues from adjacent Kir6.2 subunits, reestablishes the subunit-subunit interface, allowing channels to bind PIP 2 and, when the ATP inhibitory effect is removed, to open briefly (Lin et al., 2003) . That inactivation induced by E128W is overcome by PIP 2 lends strong support to our proposal that E128 plays a critical role in the stabilization of Kir6.2-PIP 2 interactions by SUR1. In addition, the ATPdependent recovery from inactivation in the E128W mutant suggests that conformational changes in Kir6.2 tertiary structure of R74K TMD0 and its ability to assemble with Kir6.2 to form channels may be contingent upon the SUR1 structures downstream of TMD0.
Role of E128
Full-length channels bearing E128X mutations are in general expressed at a higher level at the cell surface than R74X channels (Fig. 1) . Moreover, mutations at residue 128 have less effect on TMD0 protein levels, and E128K TMD0 can form mini-channels with Kir6.2C36 that traffic to the cell surface (Fig. 3) . These results suggest that E128 is not as critical for the folding of TMD0 as R74. Consistent with this idea, the TOPCONS-predicted TM structure of TMD0 does not change with any E128 substitution, in contrast to substitutions at R74 (Fig. S2) . However, the E128K mutation in both full-length and mini-K ATP channels shifts the P o and ATP sensitivity toward those seen in Kir6.2C36 channels, indicating that E128 contributes to functional coupling with Kir6.2.
Strikingly, E128K renders full-length channels much less sensitive to PIP 2 stimulation, resembling that seen in Kir6.2C36 channels. To our knowledge, this is the first SUR1 mutation reported to reduce channel sensitivity to PIP 2 . The finding is important because although SUR1 has been implicated in K ATP channel gating regulation by PIP 2 , the mechanisms are unknown (Baukrowitz et al., 1998; Enkvetchakul et al., 2000; Song and Ashcroft, 2001 ). The current model is that the charged phosphoinositol head group of PIP 2 binds to Kir6.2 via a patch of positively charged residues in the cytoplasmic domain near the plasma membrane (Nishida and MacKinnon, 2002; Enkvetchakul and Nichols, 2003; Kuo et al., 2003) . This portion of Kir6.2 is "pulled" toward the membrane, resulting in a stabilized open conformation. Our study identifies a residue in SUR1 that is critical to this regulation. How might E128 contribute to channel interaction with PIP 2 ? Because E128 is negatively charged, it probably does not participate directly in PIP 2 (or ATP) binding. Instead, we propose that E128 interacts directly with Kir6.2 near the membrane-cytoplasm interface to stabilize the channel in a PIP 2 -bound open state (Fig. 9 A) . This is consistent with the predicted location of E128 within the short second cytoplasmic loop adjacent to the lipid bilayer. The idea that TMD0 increases the P o of Kir6.2 by enhancing channel-PIP 2 interactions differs from a previous model in which intramembrane interactions between TMD0 and Kir6.2 reposition the Kir6.2 outer helix to achieve the gating effect (Babenko and Bryan, 2003) .
It is well accepted that PIP 2 is a primary determinant of channel P o . The detrimental effect of E128K on channel interaction with PIP 2 therefore offers a clear explanation for how the mutation reduces P o in full-length and mini-K ATP channels. However, the explanation for the effects of E128K on ATP sensitivity in full-length and mini-K ATP channels is more complex. Previous studies have shown that although TMD0 confers high intrinsic critical for functional coupling between TMD0 and Kir6.2 by controlling channel response to PIP 2 . The finding that TMD0 controls Kir6.2 gating via PIP 2 reinforces the concept that in Kir channels, diverse modulators affect channel gating by modulating channel interactions with membrane phospholipids (Logothetis et al., 2007; Xie et al., 2007) . Finally, our discovery of the E128W inactivation mutation provides novel insight into the structural relationship between channel subunits as a function of ATP and PIP 2 .
We thank Jeremy Bushman and Dr. Qing Zhou for helpful discussions and Joel Gay, Dr. Pei-Chun Chen, and Dr. Yoshihiro Matsumura for technical assistance. brought about by the binding of ATP reestablish functional coupling between SUR1 and Kir6.2, manifested as increased channel activity (i.e., P o ) when ATP inhibition is removed. These findings uncover a novel channel inactivation mechanism involving aberrant SUR1-Kir6.2 interactions and establish a role for E128 in the structural integrity of K ATP channels.
The similar gating properties seen in E128W and Kir6.2 inactivation mutations predicted to alter interKir6.2 subunit interfaces imply that these mutations disrupt normal channel gating via a converging mechanism that is sensitive to both PIP 2 and ATP. Channel structures obtained by crystallography describe an unappreciated role for the intracellular domain (including the membrane-tethered slide helix) in modulating the ion conduction pore of Kir channels (Clarke et al., 2010) . Namely, a "twist" conformation in which the slide helix and cytoplasmic domain rotate relative to the TM and pore helices is associated with a nonconducting pattern of ions within the selectivity filter. The transmission of intracellular conformational change into channel opening (involving rearrangement of cytoplasmic subunitsubunit interfaces) occurs in the absence of appreciable changes in TM segment amino acid backbones. This study highlights the importance of intracellular subunitsubunit interactions in Kir channel gating and helps explain how mutations of Kir6.2 residues predicted to lie at the inter-Kir6.2 subunit interface (such as E229, R314, and R301) cause inactivation. The finding is especially provocative when considered in the context of the SUR1-Kir6.2 K ATP channel complex because it opens up the possibility that SUR1 can modulate Kir6.2 conduction primarily through cytoplasmic domain interfaces, such as that mediated by E128. We propose that in K ATP channels, SUR1 stabilizes a Kir6.2 structure in the PIP 2 -bound open state via cytoplasmic interactions, and that the inactivation phenotype of E128W represents transition from a SUR1-coupled conformation to Kir6.2 structures lacking the stabilizing effect of SUR1, as seen in Kir6.2C36. ATP binding is envisioned to cause a conformational switch in Kir6.2, such that channels can enter a PIP 2 -bound open state once ATP is removed. Thus, in the case of Kir6.2 inactivation mutations, ATP reactivates the channel by reestablishing Kir6.2 subunit interface (Lin et al., 2003) , and in the case of E128W, by reestablishing SUR1-Kir6.2 interactions necessary for stabilizing channel opening, albeit only briefly (see Fig. 9 B) . Increasing the concentration of PIP 2 in the membrane is expected to shift the equilibrium toward the PIP 2 -bound open state by mass action, thereby slowing and reversing inactivation as well as boosting the ATP-induced resetting of the channel in both Kir6.2 and E128W-SUR1 inactivation mutants (Figs. 8 C and 9 B) .
In summary, our study shows that R74 and E128 have different roles in TMD0 structure-function. Whereas R74 is important for TMD0 structure stability, E128 is
